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INTRODUCTION
Semiconductor photocatalysis is an important area of research and is an ever growing industrial tool which is applicable to a wide range of fields.
Semiconductor photocatalysis has grown significantly in the last three decades, and has been applied to a diverse array of environmental problems including air [1, 2] , potable and wastewater treatment [3, 4] , as well as photo-splitting of water to produce hydrogen gas [5] [6] [7] , nitrogen fixation [8] [9] [10] , microbe destruction [11, 12] and the remediation of oily waste [13] [14] [15] . TiO 2 acts as a photocatalyst due to its electronic structure, characterised by an electronically filled valence band and empty conduction band [16] separated by a band gap. If a photon of energy greater than or equal to the bandgap energy, E g , is absorbed by TiO 2 , an electron is promoted from the valence band to the conduction band. This generates a reducing electron in the conductance band and an oxidising hole in the valence band. The excited conduction band electrons may recombine with the valence band holes generating heat energy. Alternatively they may be trapped in surface states, undergo reactions with electron donating or accepting species that are adsorbed on the TiO 2 surface. The electron and holes formed are highly charged and result in redox reactions, which can ultimately result in the mineralisation of aqueous pollutants.
Hydroxyl radicals are believed to be generated on the surface of TiO 2 through a reaction of the valence band holes with adsorbed water, hydroxide or surface titanol groups (Eq 2). The photogenerated conductance band electrons react with electron acceptors such as oxygen which generates superoxide (O 2 -) (Eq 4). Thermodynamically the redox potential of the TiO 2 electron/hole pair should enable the production of hydrogen peroxide, primarily via the reduction of adsorbed oxygen [17, 18] (Eqn 1-7). 
While the field of photocatalysis has become diverse and extensive there remain 3 key areas of consideration: light wavelength, environment (reactor) and photocatalyst.
TiO 2 , specifically P25, is well known as an efficient photocatalyst however has been shown to have limitations. Recent literature has shown a trend shift from ultra-violet (UV) to visible light driven photocatalysis with a view towards industrial applications [19] [20] [21] [22] . TiO 2 is restricted to UV light due to it's band gap energy of ~3.2eV. In an attempt to overcome this limitation metal doping has been successfully utilised to move the band gap of TiO 2 into the visible region. Lanthanide doping has been reported in the literature, primarily in conjunction with TiO 2 to produce nanocomposites [23] [24] [25] . The addition of lanthanide ions to TiO 2 is thought to increase the electron hole separation [26, 27] .
With light playing a key role in the process of photocatalysis it is essential the illumination provided is appropriate for the requirements. A high power and energy demanding light source is no longer suitable for an increasingly energy efficient world. Much of the literature has shown experimental designs which utilise ≥500W medium/high pressure lamps [28] [29] [30] [31] . These lamps are impractical for industrial applications due to their fragility and are not essential for high efficiency photocatalysis. This raises concern over the true photocatalytic activity of a catalyst when used in conjunction with high powered lamps.
The use of P25 is also restricted in relation to downstream processing, particularly separation and filtration which can be problematic in industries such as water purification. The micrometric particle size of P25 results in filtration becoming a labour intensive and expensive procedure. Methods have been proposed to overcome these obstacles including the use of the pelletised form of P25 [32, 33] [34] and immobilising catalysts onto a solid support [35] [36] [37] . Pelletised P25 has been known to 'crumble' due to mechanical abrasion, which again raises filtration problems. The immobilisation of catalysts presents an alternative process which yields a highly recyclable and cost effective method of catalyst production. A number of different coating methods have been published [38] [39] [40] [41] along with a number of different solid supports including steel, titanium, activated carbon, zeolites, glass, quartz, glass fibres, optical fibres and silica [32, [42] [43] [44] [45] [46] [47] . The ability to coat a wide variety of materials is an attractive prospect for industrial application.
The coating of a photocatalyst onto a solid support reduces the overall efficiency of the catalyst primarily due to the reduced surface area and mass transport limitations. The immobilised catalyst will not have the same porous structure observed with powder photocatalysts, thus the available surface area for photocatalytic transformation will be reduced.
In order to demonstrate the viability of semiconductor photocatalysis for industrial applications, reactor design is an equally critical factor. Effective have been reported [51, 52] . The literature generally states that increasing surface area will improve photocatalytic activity as an increased number of sites for photocatalytic reactions will be present. This was the focus of an investigation by Amano et al [53] where CO 2 evolution from acetaldehyde decomposition increased with an increasing specific surface area from 10 to ~33 m 2 g -1 . Furthermore, investigations have attempted to increase the already high surface area of TiO 2 (50 m 2 g 1 ) in an attempt to improve photocatalytic transformations. Phonthammachai et al produced TiO 2 with a high surface area of 163 m 2 g -1 for inclusion into a membrane for the degradation of 4-nitrophenol [54] .
Presented in this study is an investigation into the development of a novel thin film multi tubular photoreactor consisting of a lanthanide doped titania sol gel coating. The performance of the reactor shall be assessed columns. This investigation aims to show that a significantly large surface area is not essential to achieve efficient photocatalytic activity, which in turn can allow for more practical photoreactor developments for industrial applications.
Experimental

Titania Sol Gel
The sol-gel formulations were produced following a modified method by Mills et al [55] . 4.65 g (4.43 mL) of glacial acetic acid (Sigma Aldrich) was added to 20 mL of titanium isopropoxide (Sigma Aldrich). To this solution 120 mL of 0.1 mol L −1 nitric acid (Fisher Scientific) was added before heating the mixture at 80 °C for 8 h in a water bath. The resulting opaque solution was then filtered through a 0.45 μm filter (Whatman) to remove any aggregated particles.
Doped Titania Sol Gel
To produce the doped titania films, Nd(NO 3 ) 3 ·6H 2 O (Fisher Scientific), was dissolved in the 120 mL of 0.1 mol L −1 nitric acid before adding the solution to the titanium isopropoxide and acetic acid. Two concentrations of 0.5 wt% (0.6 g) and 1 wt% (1.6 g) were examined. The sol was completed by heating in a water bath as detailed in 2.1.
Coated Silica Particles
Coated silica particles were produced by saturating a beaker of 50 -100 µm particles with the titania sol. The coated particles were then transferred to a clean flat surface where they were spread thinly and allowed to dry at room temperature before calcination at 450 o C for 30 minutes.
The coated and uncoated silica particles were analysed under SEM (Leo S430) to determine the quality of coating and also to perform EDAX analysis to determine elemental distribution.
Multi Tubular Photoreactor
The multi tubular photoreactors were produced by dip coating glass tubes in the titania sol gel solution. The glass tubes (Fisher Scientific) were cut into 65 mm lengths, prior to coating. These tubes were allowed to dry at room temperature before being calcined in a high temperature chamber furnace (Carbolite, UK) at 450 °C for 30 min.
The reactor vessel, (Supelco), was coated on the inside with the sol gel solution and allowed to dry at room temperature before calcination at 450 °C for 30 min.
32 glass tubes were placed into the glass reactor vessel producing the unit, ( Fig. 1 ). 
Illumination Sources
The two different illumination lamps used were spectrally analysed using a Stellarnet EPP2000 Spectrometer to determine their exact emissions. 
Results and Discussion
SEM/EDAX of Coated and Uncoated Silica Particles
The SEM image, Fig. 4 
. (a) Uncoated silica particles and (b) titania coated silica particles
The EDAX analysis of the uncoated and coated particles are shown in Fig.   5 and Fig. 6 . As expected the uncoated silica particle produces an EDAX spectrum of a typical silica glass composition. The coated particle displays the same silica glass composition with the addition of Ti which comes from the titania sol gel coating.
Fig. 5. EDAX spectrum of undoped silica particles
There was no elemental evidence of the neodymium doping, but this is potentially due to the level of doping, and therefore element concentration in a thin coating on a small particle. Further indepth analysis will be examined and reported later. 
MO degradation (UV irradiation)
The first photocatalyst examined was P25 TiO 2 , the surface area of P25 is ~60 m 2 /g and was therefore expected to achieve a high level of degradation. 
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Fig. 9. Methyl Orange degradation by Immobilised Thin Film Catalyst Mini
Reactor -72W UV Illumination
It can be seen from the performance of the photocatalysts that the degradation of MO in the TFMCP was similar to the result when Deg P25 was employed, Fig. 5 & Fig. 7 . In addition to a comparable overall degradation, similarities can be seen in the nature in which degradation occurs. Both the TFMCP and P25 suspended system showed a significant reduction in MO absorbance within the initial stage of illumination. This is not the case, it was shown here that indeed the coated particles with a surface area of 0.24 m 2 /g did not produce any notable degradation, this is possibly due to the particle density.
In the case of the coated tubes with a surface area of 0.04 m 2 /g, they produced a degradation of 95 %, which compared favourable to that of P25 TiO 2 .
MO degradation (Visible irradiation)
The sol-gel coated silica beads and coated tubes were doped with the lanthanide neodymium which shifted the energy band gap into the visible light activated region while retaining the UV properties of TiO 2 .
As with the UV illumination, the first photocatalyst examined under visible irradiation, peak emissions 543 and 612 nm, was P25 TiO 2 . Figure 10 shows showed minimal absorbance reduction suggesting no photocatalytic activity. Filtration of the silica beads was not required as they were large enough in size to fall out of suspension when agitation was stopped.
Surface Area Effect
Surface area is a controlling factor in photocatalysis and can significantly alter the rate of a reaction. The surface area of immobilised catalysts is 
Mini, Midi and Maxi Multi Tubular Scale Up
To examine the feasibility and ease of scale up for processing increased volumes of dye, two larger multi tubular photoreactors were created.
From experience it was already known the issues relating to increasing catalyst loading, volume and energy required for agitation [32, 33, [59] [60] [61] . Firstly a 200 mm tube reactor was created using a 250 ml measuring cylinder as the reactor vessel, secondly 260 mm tube reactor was created using a 350 ml hydrometer jar as a reactor vessel, due to the large size it was not possible to coat the inside of these vessels. The 260 mm tube size was the maximum permissible tube which could be processed in the furnace.
The results from these initial experiments into scale up are shown in Table   1 , which displays the number of coated tubes, tube length, reactor volume, percentage degradation at 30 minutes and final percentage degradation at 90 minutes. 
Conclusion
In conclusion it can be seen from the performance of the photocatalysts that the coated tubes produced a degradation rate similar to that of a Conventional theory has shown that the higher the surface area, the greater the photocatalytic activity. The immobilised reactor configurations have shown utilisation of the full catalyst coating and therefore reduced mass transport limitations. The application of a powder catalyst in any reactor design generates sample handling issues, an inability to accurately monitor online degradation, the need to filter processed effluent streams, the possibility of introducing "super fine" TiO 2 particles to a water course.
Also the environmental impact of increased energy consumption to run a suspended powder reactor unit increased the carbon footprint. These are removed completely by the development of thin film photoreactors.
There is no limitation on sample monitoring, risk of suspended material discharge or unnecessary power wastage. With increased capacity it would be more than possible to compete with existing industrial scale photoreactors.
This work has demonstrated the potential to develop thin film coatings, when combined with intelligent reactor configuration, allowing a photocatalytic process comparable to that of a powdered catalyst.
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